We previously reported that the chlorella virus PBCV-1 genome encodes an authentic, membrane-associated glycosyltransferase, hyaluronan synthase (HAS). Hyaluronan, a linear polysaccharide chain composed of alternating ␤1,4-glucuronic acid and ␤1,3-N-acetylglucosamine groups, is present in vertebrates as well as a few pathogenic bacteria. Studies of infected cells show that the transcription of the PBCV-1 has gene begins within 10 min of virus infection and ends at 60-90 min postinfection. The hyaluronan polysaccharide begins to accumulate as hyaluronan-lyase sensitive, hair-like fibers on the outside of the chlorella cell wall by 15-30 min postinfection; by 240 min postinfection, the infected cells are coated with a dense fibrous network. This hyaluronan slightly reduces attachment of a second chlorella virus to the infected algae. An analysis of 41 additional chlorella viruses indicates that many, but not all, produce hyaluronan during infection.
INTRODUCTION
Hyaluronan, also called hyaluronic acid, is the least complex member of the glycosaminoglycan family, which also includes heparin, heparan sulfate, chondroitin, and keratan sulfate. The latter members of this family are highly sulfated and typically exist as a proteoglycan (i.e., covalently attached to a core protein). Hyaluronan, however, is a simple linear polysaccharide chain composed of alternating ␤1,4-glucuronic acid (GlcA) and ␤1,3-Nacetylglucosamine (GlcNAc) moieties that can reach molecular masses of up to 10 7 kDa (ϳ25,000 disaccharides) (Hascall et al., 1994; Laurent and Fraser, 1992) . Hyaluronan is a ubiquitous constituent of the extracellular matrix, particularly of soft connective tissues in vertebrates (Laurent and Fraser, 1992) . Hyaluronan interacts with proteins such as CD44 (Aruffo et al., 1990; Culty et al., 1990; Miyaka et al., 1990) , RHAMM (Hall et al., 1995; Hardwick et al., 1992) , and BEHAB (Jaworski et al., 1994) . Consequently, this polysaccharide influences the growth and migration of cells in such diverse processes as embryonic development (Toole, 1991) , oocyte maturation (Salustri et al., 1990) , angiogenesis, wound healing (West et al., 1985) , and tumor progression (Sherman et al., 1994) . In contrast to other glycosaminoglycans, which are assembled as they traverse the endoplasmic reticulum and the Golgi stacks, hyaluronan is synthesized by an enzyme located on the inner surface of the plasma membrane (Philipson and Schwartz, 1984) . Hyaluronan synthase (HAS) adds sugar residues from UDP-GlcA and UDP-GlcNAc. In animal cells, hyaluronan is transferred to the pericellular space.
Extracellular capsules of a few pathogenic bacteria such as group A and C Streptococcus spp. and Pasteurella multocida also contain hyaluronan (Carter and Annau, 1953; Kass and Seastone, 1944) . Because hyaluronan, a host component, is not normally immunogenic, the capsule serves as a molecular camouflage protecting the microbes from phagocytosis and complement fixation during infection (Husmann et al., 1997; Schmidt et al., 1996) .
While sequencing the 330,740-bp genome of the algal virus PBCV-1 Li et al., 1995 Li et al., , 1997 Lu et al., 1995 Lu et al., , 1996 , we discovered that this virus contains an open reading frame (ORF) (A98R) that encodes a protein with similarity to both vertebrate and bacterial HAS enzymes. The PBCV-1 has gene was expressed in Escherichia coli, and the recombinant protein was an authentic, membrane-associated HAS (DeAngelis et al., 1997) . Landstein et al. (1998) demonstrated that PBCV-1 encoded two other enzymes, glutamine:fructose-6-phosphate amidotransferase (GFAT, ORF A100R) and UDP-glucose dehydrogenase (UDP-GlcDH, ORF A609L), that produce sugar precursors (glucosamine-6-phosphate and UDP-glucuronic acid, respectively) required for hyaluronan synthesis. In the current work, we monitor the expres-sion of the has gene and the production and localization of hyaluronan in PBCV-1-infected chlorella.
RESULTS
The has gene expression during PBCV-1 replication Total RNA was isolated from chlorella cells at various times after PBCV-1 infection and hybridized to the viral has gene. A single, ϳ1900-nucleotide transcript, a size sufficient to encode a protein of 567 amino acids, appeared within 5-10 min postinfection (p.i.), peaked at 30 min p.i., and disappeared at 60-90 min p.i. (Fig. 1A) . Because PBCV-1 DNA synthesis begins ϳ60 min p.i. (Van Etten et al., 1984) , the has gene is an early gene. This is consistent with our previous finding that HAS enzyme activity was detected in chlorella cells at 50 and 90 min p.i. (DeAngelis et al., 1997) .
Hyaluronan is localized on the surface of PBCV-1-infected chlorella Typically, HASs are integral membrane-bound proteins, and the newly synthesized hyaluronan is secreted across the membrane to the extracellular matrix (Philipson and Schwartz, 1984) . Previous experiments established that the PBCV-1-encoded HAS is associated with the membrane fraction of PBCV-1-infected chlorella cells (DeAngelis et al., 1997) . Therefore, we looked for hyaluronan on the surface of infected chlorella by monitoring the ability of a 125 Ilabeled hyaluronan-binding protein ( 125 I-HABP) to interact with intact, virus-infected cells (Tengblad, 1980) . This protein did not attach to uninfected cells, indicating that the cell surface lacked hyaluronan. By 15 min p.i., small but significant amounts of the 125 I-HABP bound to the infected cells, indicating the presence of surface hyaluronan. During the first 90 min p.i., the level of 125 I-HABP bound to the infected cells increased slightly and then increased rapidly during the next 120-150 min (Fig. 2) . Treatment of infected chlorella cells at 240 min p.i. with hyaluronan-lyase, before the addition of 125 I-HAPB, reduced attachment of the binding protein to the level of infected cells at 15 min p.i. (Fig. 2) . The absolute specificity of the HABP and the hyaluronan-lyase for hyaluronan establish the presence of hyaluronan on the infected cell surface.
To determine whether the hyaluronan is localized to a specific area of the cell wall or is present over the entire cell surface, hyaluronan accumulation was also monitored by fluorescent microscopy using biotinylated-hyaluronan binding protein (bt-HABP) in conjunction with an avidin-FITC conjugate. As shown in Fig. 3A , many infected cells developed a uniform green fluorescence over the entire cell surface by 30 min p.i.; uninfected cells autofluoresced orange-red. The intensity of green fluorescence as well as the number of fluorescing cells increased up to 240 min p.i. Treatment of cells at 240 min p.i. with hyaluronan-lyase, before the addition of bt-HABP, abolished most of the green fluorescence (Fig.  3A) .
Ultrastructural changes in the cell wall of PBCV-1-infected chlorella cells
The cell walls of uninfected and PBCV-1-infected cells were also examined by quick-freeze deep-etch electron microscopy. As shown in Fig. 3B , the exterior surface of the infected chlorella cell wall takes on a "hairy" appearance; by 240 min p.i., the infected cell is covered with a highly developed, dense fibrous network. Incubation of cells with hyaluronan-lyase removes this "hairy" material, indicating that this fibrous network is composed of hyaluronan (Fig. 3B) . , 10, 15, 30, 60, 90, 120, 180, 240 , and 300 min p.i. The blot was probed with the PBCV-1 has gene. (B-D) RNAs isolated from cells at 30 min after infection with viruses PBCV-1, NC-1C, or AL-2C (lanes P, N, and A, respectively). The membranes were probed with either the PBCV-1 has gene (B), gfat gene (a100r) (C), or udp-glcdh gene (a609l) (D). The filter in panel E was stained with ethidium bromide and shows the 3.6-kb rRNA used to correct for loading differences between the samples.
Hyaluronan partially blocks chlorella virus attachment
The results of the preceding experiments indicate that the external surface of the chlorella cell wall changes dramatically after PBCV-1 infection as the result of hyaluronan accumulation. To determine whether surface hyaluronan prevents attachment of a second virus to PBCV-1-infected cells, we monitored the ability of an antigenic variant of PBCV-1 [named P31 (Wang et al., 1993) ] to attach to chlorella cells at various times after PBCV-1 infection. As shown in Table 1 , prior PBCV-1 infection of chlorella reduces P31 attachment to the alga by ϳ50% at 120-300 min p.i. Treatment of the 180-min PBCV-1-infected cells with hyaluronan-lyase before the addition of P31 slightly increased the ability of P31 to attach to the cells (Table 1) . Therefore, surface hyaluronan accumulation slightly reduces subsequent virus attachment, albeit late in the infection cycle.
The has gene is widespread in the chlorella viruses
To determine whether the has gene is widespread among the chlorella viruses, the has gene probe used in Fig. 1 was hybridized to DNA from 41 other viruses isolated from diverse geographical regions (Fig. 4) . These viruses infect either Chlorella NC64A or Chlorella Pbi. Chlorella cells infected with each of the viruses were also monitored for extracellular hyaluronan with the 125 I-HABP (radioactive counts are also listed in (Reisser et al., 1988) hybridized with the PBCV-1 has gene probe. However, 2 of the 5 Pbi viruses, CVG-1 (Fig. 3C ) and CVR-1, produced extracellular hyaluronan (Fig. 4) . Presumably, these 2 Pbi viruses encode a has gene that has diverged substantially from the PBCV-1 gene.
These experiments indicate that has gene expression is not essential for chlorella virus growth because 10 of the NC64A viruses and 3 of the Pbi viruses do not produce detectable extracellular hyaluronan. One explanation is that these viruses encode an enzyme or enzymes that produce another polysaccharide on the external surface of the infected chlorella cells. However, two experiments indicate that this possibility is unlikely.
(1) The surface of chlorella cells infected with Pbi virus CVA-1 (no 125 I-HABP binding; Fig. 4 ) does not appear "hairy" on electron microscopy at 240 min p.i. (Fig. 3C) .
(2) Cells infected with virus IL-3A were also monitored for changes in attachment of a second virus; only a slight reduction in attachment occurred (results not shown).
Analysis of has gene sequence and expression from other chlorella viruses
Ten of the 41 chlorella viruses, plus PBCV-1, were chosen for further analysis of the has gene. The has gene from each was amplified by PCR using primers that correspond to the 5Ј and 3Ј ends of the PBCV-1 has gene (DeAngelis et al., 1997) . The primers produced the expected 1.7-kb product from virus PBCV-1 DNA and five additional virus DNAs, NC-1C, AL-2C, MA-1E, CA-4A, and XZ-5C (Fig. 5) . No PCR product was obtained with SC-1A, MA-1D, NY-2B, NY-2A, and CVG-1 DNAs. These results support the data in Fig. 4 ; PCR products were produced only from virus DNAs that hybridized strongly to the PBCV-1 has gene probe. The six different 1.7-kb PCR products (including PBCV-1) were cloned and sequenced; analyses of the sequences led to the following conclusions. (1) All the clones (including PBCV-1) contained a G instead of an A at position 52285 in the original PBCV-1 genomic sequence , indicating an error in the published PBCV-1 sequence. Correction of this base changes an Asp residue to a Gly at amino acid 462. This change is significant because all other eukaryotic HASs have a Gly in this position (DeAngelis et al., 1997) . (2) The sequence of the AL-2C clone was identical to the corrected PBCV-1 sequence. (3) The sequences of the MA-1E and XZ-5C clones each contained a single, distinct, silent nucleotide difference from PBCV-1. (4) The sequence of the NC-1C clone varied by 11 nucleotides from PBCV-1; four of these changes resulted in amino acid substitutions. Three of these substitutions (R1363K, D4003E, and V5343I) were conservative changes, whereas the fourth (T3603A) was nonconservative. (5) The sequence of the CA-4A clone differed from PBCV-1 by 15 nucleotides; eight of these differences were in common with NC-1C. Seven of these differences (two were in the same codon) led to six amino acid changes; four (R1363K, I4503V, V5343I, and T5623S) were conservative, whereas two (V5293T and E5543K) were nonconservative. Total RNA was isolated from cells infected with NC-1C or AL-2C viruses at 30 min p.i. (the time when the a98r gene transcript is most abundant in PBCV-1-infected cells) and analyzed by Northern blotting with the PBCV-1 has gene probe (Fig. 1B) as well as probes for the two PBCV-1 genes (gfat and udp-glcdh) that encode enzymes synthesizing hyaluronan precursors (Figs. 1C and 1D ). This experiment led to the following results. (1) Like PBCV-1, the has gene probe hybridized to a 1.9-kb RNA from cells infected with each virus. (2) The gfat and udp-glcdh probes produced the same hybridization patterns for all three viruses. Landstein et al. (1998) demonstrated that in PBCV-1, the largest of the three RNAs detected by the gfat probe results from readthrough transcription of the gfat gene into the adjacent a103r gene. The a103r gene encodes an mRNA capping enzyme (Ho et al., 1996) . (3) Although the amounts of has, gfat, and udp-glcdh mRNAs that accumulated in AL-2C-infected cells was approximately equal to that in PBCV-1-infected cells, the amount of has, gfat, and udp-glcdh mRNAs that accumulated in NC-1C-infected cells was reduced considerably. Therefore, all three viral genes involved in hyaluronan synthesis are expressed in two other chlorella viruses, albeit at variable levels. This variation could reflect slight differences in the length of the NC-1C infection cycle compared with PBCV-1 and AL-2C.
DISCUSSION
We previously reported that chlorella virus PBCV-1 encodes an authentic, membrane-associated HAS (DeAngelis et al., 1997). The PBCV-1 has gene was expressed in E. coli, and as expected, the recombinant protein required the simultaneous presence of UDP-GlcA and UDP-GlcNAc and manganese for activity. Hyaluronan lyase degrades the 3-6 ϫ 10 6 -kDa hyaluronan polysaccharide product of the recombinant enzyme. Results presented here establish that the PBCV-1 has gene is expressed within 10 min after PBCV-1 infection and that large amounts of hyaluronan accumulate on the cell surface of infected algae. To our knowledge, PBCV-1 is the first virus to encode an enzyme that synthesizes a polysaccharide. Viruses generally use host-encoded glycosyltransferases to create new glycoconjugates or accumulate host cell glycoconjugates during virion maturation. An ecdysteroid UDP-glucosyltransferase encoded by several baculoviruses is the only previously known virus-encoded glycosyltransferase with a characterized activity (O'Reilly, 1995) . The ecdysteroid UDP-glucosyltransferase inactivates the insect's molting hormones by adding a single glucose residue to the hormone.
PBCV-1 probably encodes several other glycosyltransferases in addition to HAS. Studies on four PBCV-1 antigenic variants with altered oligosaccharide moieties on the three virion-associated glycoproteins led to the prediction that PBCV-1 encodes at least part, if not its entire, glycosylation machinery (Que et al., 1994; Wang et al., 1993) . However, several observations indicate that the HAS enzyme described in this report does not glycosylate the PBCV-1 glycoproteins. (1) The oligosaccharide or oligosaccharides attached to the PBCV-1 glycoproteins contains only neutral sugars, glucose, galactose, mannose, fucose, xylose, rhamnose, and arabinose (Wang et al., 1993) . (2) Hyaluronan accumulates on the outside of the virus-infected host, whereas intact infectious virus particles accumulate inside the host at least 30-40 min before release by lysis of the host cell wall. (3) Typically, hyaluronan is not covalently bound to a protein (Hascall et al., 1994; Laurent and Fraser, 1992) . Therefore, we conclude that HAS is not involved in PBCV-1 protein glycosylation and that the virus encodes separate glycosyltransferases for this purpose. Landstein et al. (1998) previously demonstrated that PBCV-1 encodes two additional enzymes involved in hyaluronan biosynthesis: GFAT and UDP-GlcDH (Fig. 6) . UDP-GlcDH converts UDP-glucose into UDP-GlcA, a precursor of hyaluronan. GFAT converts fructose-6-phosphate into glucosamine-6-phosphate, an intermediate in UDP-GlcNAc biosynthesis. Like has, the udp-glcdh and gfat genes are expressed early in PBCV-1 infection (Landstein et al., 1998) . At least three additional enzymes are needed to convert glucosamine-6-phosphate into UDP-GlcNAc (Fig. 6) . Sequence comparisons have failed to identify candidate genes encoding these enzymes in the viral genome. However, the presence of three virusencoded hyaluronan biosynthetic enzymes suggests that the polysaccharide serves an important function in the PBCV-1 life cycle.
The extracellular hyaluronan does not play an obvious role in the interaction between PBCV-1 and its algal host because neither plaque size nor plaque number is al- FIG. 6 . Biosynthesis of hyaluronan starting with fructose-6-phosphate and UDP-glucose. Virus PBCV-1 encodes the enzyme GFAT (a100r), UDP-GlcDH (a609l), and HAS (a98r). The conversion of glucosamine-6-phosphate to UDP-GlcNAc requires at least three additional steps, designated by the dashed arrows. The genetic sources of these three additional enzymes are unknown.
tered by including either testicular hyaluronidase or free hyaluronan in the top agar of the PBCV-1 plaque assay (DeAngelis et al., 1997) . However, the extracellular hyaluronan weakly inhibits attachment of additional viruses, especially late in infection (Table 1) . This inhibition might be advantageous to PBCV-1 because it would reduce multiple infections. The significance of this hyaluronanmediated reduction in virus attachment is questionable, however, because NC64A viruses mutually exclude one another by a hyaluronan-independent mechanism (Chase et al., 1989) . This exclusion phenomenon, which has no effect on virus attachment, occurs before hyaluronan-mediated inhibition of virus attachment.
We considered two other biological functions for the PBCV-1-encoded hyaluronan; these functions are based on our limited knowledge of the natural history of the viruses. Chlorella viruses are ubiquitous in freshwater collected worldwide, and titers as high as 4 ϫ 10 4 infectious viruses/ml of native water have been reported (Van Etten et al., 1985; Yamada et al., 1991) . The only known hosts for these viruses are chlorella-like green algae that normally live as hereditary endosymbionts in some isolates of the ciliate Paramecium bursaria. In the symbiotic unit, algae are enclosed individually in perialgal vacuoles and are surrounded by a host-derived membrane (Reisser, 1992) . The initial establishment and the longterm maintenance of symbiosis require that the algae avoid digestion by the paramecium. Reassociation studies with different Chlorella spp. and algae-free P. bursaria indicate that only the original symbiotic algae effectively reestablish a long-term, stable symbiosis with the ciliate (Reisser, 1992) . Other chlorella species are digested. Presumably, the relationship between the algae and the paramecia require interactions of specific algal surface components with host membrane factors (Meints and Pardy, 1980; Pool, 1979) . Interestingly, endosymbiotic chlorella are resistant to virus infection during symbiosis and become infected only when they are grown outside the paramecia (Reisser et al., 1991) .
One possible biological function for hyaluronan is that polysaccharide accumulation on the algal surface inhibits the uptake of virus-infected algae by paramecium. Prevention of the internalization of infected algae would enhance virus survival because virions released inside the paramecium would presumably be destroyed by the protozoan's digestive system. Alternatively, the chlorella viruses might have another host in nature; perhaps the virus is transmitted because this other host is attracted to or binds to hyaluronan on virus-infected algae. In this regard, it is interesting that the intestinal pathogen Entamoeba histolytica has a surface protein that binds to hyaluronan (Renesto et al., 1997) .
However, complicating the issue of the biological significance of the extracellular hyaluronan in the PBCV-1 life cycle is the finding that some chlorella viruses lack the has gene and do not produce extracellular hyaluronan. Furthermore, cell walls of the chlorella host infected with these viruses do not take on a "hairy" appearance. Consequently, the extracellular production of hyaluronan or an equivalent extracellular polysaccharide is not essential for survival of the viruses in nature because all of the tested chlorella viruses have been isolated from natural sources within the past 18 years. In contrast, all the Chlorella NC64A viruses encode the gfat and udpglcdh genes, as judged by dot-blot analysis (Landstein et al., 1998) .
MATERIALS AND METHODS

Chlorella, viruses, and plasmids
The hosts for the chlorella viruses, Chlorella strain NC64A and Chlorella strain Pbi, were grown on MBBM medium (Van Etten et al., 1983) and FES medium (Reisser et al., 1988) , respectively. Procedures for producing, purifying, and plaquing virus PBCV-1 and the other chlorella viruses and isolating host and virus DNAs have been described (Van Etten et al., 1981 , 1983 , 1983a . The plasmid pCVHAS, which contains the PBCV-1 has gene, has also been described (DeAngelis et al., 1997) .
Detection of hyaluronan on the surface of infected cells
Virus-infected cells used to measure hyaluronan accumulation were obtained by concentrating 1.5 ϫ 10 7 cells/ml to 2.0 ϫ 10 9 cells/ml, infection with PBCV-1 (m.o.i. of 5), and collection of 2.0 ϫ 10 8 cells at various times p.i. Hyaluronan was detected on the surface of intact, infected cells using 125 I-HABP (Pharmacia Biotech, Uppsala, Sweden). Approximately 0.1 Ci of 125 I-HABP was added to the infected cells, which were then incubated on ice for 60 min. The cells were collected by centrifugation, and the supernatant containing unbound, labeled protein was removed. The amount of radioactivity (i.e., the amount of HABP bound to the cells) was determined with a gamma counter. Fluorescent visualization of hyaluronan on the surface of intact cells was accomplished by adding 1.5 g of biotinylated aggrecan, a hyaluronan-specific binding protein (Applied Bioligands Co., Winnipeg, Canada) to 2.0 ϫ 10 8 cells in 100 l and incubating on ice 60 min. The cells were washed three times in PBS, resuspended in 100 l avidin-FITC conjugate diluted 1:2000 in PBS (Sigma Chemical Co., St. Louis, MO) followed by an additional 60-min incubation on ice. The cells were then washed three times in PBS, resuspended in 20-50 l of PBS, and examined under UV illumination with a Zeiss Axioskop UV microscope. In some experiments, duplicate samples were treated with 10-50 units of hyaluronan-lyase (Sigma Chemical Co.) for 60 min before the addition of the HABP. Infected cells were also quickly frozen in liquid helium and observed under the electron microscope as described previously (Heuser, 1989) .
Virus attachment to infected and uninfected chlorella cells
Fifteen milliliters of chlorella cells (1.5 ϫ 10 7 cells/ml) were infected with PBCV-1 at a m.o.i. of 5, incubated for 15 min at 25°C, and divided into 1.5-ml samples. At various times after the initial PBCV-1 infection, virus P31 [an antigenic variant of PBCV-1 (Wang et al., 1993) ] was added at a m.o.i. of 5 and incubated for 15 min. Samples were treated with PBCV-1 antiserum for 15 min, followed by low-speed centrifugation to remove algae, attached virus, and unattached PBCV-1 virus complexed to antibody. The supernatant was titered for unattached P31.
Northern and Southern analyses
Chlorella cells (1 ϫ 10 9 ) were collected at various times after PBCV-1 infection, frozen in liquid nitrogen, and stored at Ϫ80°C. RNA was extracted using the Trizol reagent (GIBCO BRL, Gaithersburg, MD), electrophoresed under denaturing conditions on 1.5% agarose/ formaldehyde gels, stained with ethidium bromide, and transferred to nylon membranes. Membranes were subsequently photographed under UV illumination to visualize transferred RNA. The RNA was hybridized with either has, gfat, or udp-glcdh specific probes labeled with 32 P using a random primed DNA labeling kit (GIBCO BRL) at 65°C in 50 mM NaPO 4 , 1% BSA, and 2% SDS. After hybridization, radioactivity bound to the membranes was detected and quantified using a Storm 840 PhosphorImager and ImageQuant software (Molecular Dynamics, Inc., Sunnyvale, CA). To account for loading differences between samples, the relative amount of the 3.6-kb rRNA in each lane was determined by converting the photographs of the stained membranes to digital images using a Hewlett Packard ScanJet 4C scanner and analyzing the images using the ImageQuant software.
Chlorella virus DNAs for dot blots were denatured and applied to nylon membranes (Micron Separation Inc., Westborough, MA), fixed by UV cross-linking, and hybridized with the same has gene probe used for the Northern analyses. Radioactivity bound to the filters was detected as described above.
Other procedures DNA fragments were sequenced from both strands at the University of Nebraska-Lincoln Center for Biotechnology DNA sequencing core facility. DNA and protein sequences were analyzed with the University of Wisconsin Genetics Computer Group package of programs (Genetics Computer Group, 1997) . The GenBank Accession numbers for the has genes from viruses AL-2C, CA-4A, MA-1E, NC-1C, and XZ-5C are AF113753, AF113754, AF113755, AF113756, and AF113757, respectively.
